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This report presents experimental resonant frequencies and damping

ratios for 45", 60", and 90* compartmented tanks. These are presented for

various sector wall con£igurations and translational excitation amplitudes.

1964007760-004



TABLE OF CONTENTS

LIST OF ILLUSTRATIONS iv

_- LIST OF SYMBOLS v

INTRODUCTION I7

TANK CONFIGURATIONS Z

:.LIQUID RESONANT FREQUENCIES 3

LIQUID DAMPING - 6

Solid Walls 6

Perforated Sector Walls 6

CONCLUSIONS 9

REFERENCES I0

1964007760-005



LIST OF ILLUSTRATIONS _"

Figur e Page

l Tank Configurations 11

Z Effect of Excitation Amplitude on the Lowest

Resonant Frequency for 45 ° 60 ° and 90 °
: Sector '1 anks 1Z

S

3 Effect of Perforation Hole Size and Percent

- Open Area On the Liquid Resonant Frequency
for a 45 o Sector Tank 13

4: Effect of Perforation Hole Size and Percent-

Open Area on the Liquid Resonant Frequency
for a 60 ° Sector Tank ' : ]4

5 Effect of Perforation Hole Size and Percent :

Open Area on theLiquid Resona_nt Frequency
for a 90 ° Sector Tank I5

6 Variation in Lowest Liquid Resonant Frequency
with Reynolds Number- 45 ° Perforated Sector
Tank : i 6

7 Variation in Lowest Liquid Resonant Frequency -

with Reynolds Number - 60 ° Perforated Sector
Tank 17

p

8 Variation in Lowest Liquid Resonant Frequency <:

with Reynolds Number- 90 ° Perforated Sector
s.

Tank 18

9 Variation in Damping Ratio for 45 o Sector Tank 19

I0 Variation in Damping Ratio for 60 ° Sector Tank Z0

l l Variation in Damping Ratio fo_" 90 ° Sector Tank 7.1

1964007760-006



LIST OF SYMBOLS

a Longitudinal acceleration of tank

Cylindrical tank diarr_eter

d h Perforation hole diameter

h Liquid depth to bottom of.tank

xo Tank_excitation 'ampl.itude in translation
C

_oZd/a Dimensionless frequency parameter ,. .-;

_'s Damping ratio

1964007760-007



iNTRODUC TION

The increasing demand for large missiles has inherently brought

with it an increased delxland for tanks with greater capacities of fuel and

oxidizer. Clustering the tanks has provided this necessary capacity and,

in so doing, has resulted in a comparably higher liquid slosh resonant

frequency than found in a single tank for a missile with the same fineness

i ratio. This increase in slosh resonant frequency is generally desirable

in that 'it keeps the liquid sloshing resonent and bending forces from coupling

with the-automatic control system and structural modes. Compartmenting

a single tank. also results in this added advantage.

3

This report gives the liquid slosh resonant frequencies and damping

ratios that can be attained by compartmenting a cylindrical tank. It is

also intended to show the increase in damping ratio whichcan be attained

by the use of perforated sector wails, together with their limii:ations.

I, .

L

L

I "
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TANK CONFIGU RATIONS

Three compartmented flat-bottom cylindrical tails are considered

in this report - the tanks being compartmented into equal sectors of 45 ° ,

': 60 °, and 90 ° The vertical sector walls extend from well above the iiquid

surface to the tank bottom. Several wail materials are considered,

varying from solid to perforated stocks of different hole diameter perfora-

tions and percent openings. The tests were conducted under a gravity

axial acceleration field and at a liquid depth equal to the tank diameter

(h/d = 1).

In all cases, the tank was force excited througl_ a frequency range

which included the two lower resonant frequencies (1,2)*. The direction

of translational excitation relative to the sector wails is as shown in

Figure 1. All the tests were conducted for three values of translational

excitation amplitude (xo/d), using the same facility and methods employed

in (3).

*Numbers in parenthesis refer to the References given at the end of this

report_- .
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LIQUID RESONANT FREQUENCIES

Computation of the liquid natural frequencies for sectored cylindrical

tanks has been carried out as presented in (I);however, the effect of transla-

tional excitation amplitude on the natural frequencies cannot be accounted
i

for in the computations, and it is this excitation amp]itude which c_u._es a

significantdiff,'fencebetween the theoretical and experimental natural

frequencies_. Previous exploratory experiments in compartmented cylin-

drical (l,Z) and in spherical tanks (4) have indicated that the theoretical

natural frequencies can be approached only for small values of excitation

amplitude (xo/d < 0_00187); for values greater than this, a significant

decrease in natural frequencies exists With increase in excitation amplitude.

The liquid natural frequencies presented in this paper are the lowest

resonant frequencies measured for the 45_, 60 ° and 90 ° compartmented

tanks undergoing translational excitation. Figure Z shows the theoretical

natural frequencies and the experimental resonant frequencies versus

translational excitation amplitudes for sector tanks of solid wall configura-

tion. The theoretical natural frequencies are shown at xo/d = 0, It can be

seen from the results presented that the predicted natural freque_cies ar_

approached only at the reduced values of translational excitation.

Because of the complexity of the liquid sloshing in sector tanks with

j_erforated walls, several figures are presented to illustrate the nonlinearities
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that exist, Figures 3, 4 and 5 show the results obtained with water as the

test liquid and a translational excitation amplitude of xo/d = 0. 00417_ The

three-dimensional plots which follow in the remaining figures represent

the change in resonant frequency versus the hole size and percent of

sector wall perforation in the 45 °, 60 ° and 90 ° s_ctor tanks, respectively°

The liquid resonant frequency in perforated sector tanks is largely affected

by the amphtude of translation, more so in fact, because of the intermixing

of liquids from one sector to another. To account for the flow of liquids

through the perforations, tests were also conducted using methylene chloride

as the test liquid. The lower viscosity apparently increases the liquid

flow through perforations with considerable effect on the resonant frequencies.

Perforated baffles are widely used for liquid damping (5)_ but

their effect on the natural frequency can be more detrimental than the

advantages gained from damping. The decrease in resonan," frequency can

be noted in Figures 3, 4 and 5 for an increase in perforated hole size and

percent oz open area. Because of the complex[tyof the test results, various

means of presenting the data were studied with the best results obtained by

plotting the dimensionless resonant frequencY parameter (cord/a) versus an

equivalent Reynolds number _:cbased on perforation hole size and transla-

tional excitation amplitude.

_:_Thenumerical values of the Reynolds numbers presented in (2) have

oeen found to be in error and should be disregarded.
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The results of these tests are presented in Figures 6, 7 and 8.

Figure 6 presents the results for a 45 ° sector tank having perforated

sector walls of 23 percent and 30 percent open areas_ It can be seen from

these results that the value of resonant frequency can be maintained equal

to or greater than that of solid wall sectors up to a Reynolds number of

50,000 for the 23% open area sector wall, and to a Re_rmlds number of

g0,000 fer the 30% open area sector wall. Above these Reynolds numbers,

the resonant frequencies drop to values corresponding to experimental

resonant frequencies for an uncompartmented cylindrical tank,

Figure 7 presents the results for the perforated wall 60 ° sector

tanks. The value of the resonant frequency corresponding to the solid

sector wall is seen to exist up to a Reynolds number of about 9,000 for the

23% perforated wall, and t a Reynolds number less than 4,000 for the

30% open area sector wall. The corresponding plot for the 90 ° perforated

wall sector tanks are presented in Figure 8_ The resonant frequency of

the 23% and 30% open area sector wall tanks agrees with the solid sector

resonant frequency to a Reynolds number equal to 24,000; above this

Reynolds number, the frequency drops off toavalue corresponding to the

uncompartmented cylindrical tank.
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LIQUID D_VlPING

Solid Walls

The damping of Hqmd sloshing at the resonant frequency-for the

455 , 00 °, and 90 c, solid wall compartmented cvl:.;xdricaltanks is low,

averaging approximately 0.04. However, at frequencies below the resonant

value, the liquid sloshing is effectively damped.

Perforated Sector Walls

Because oi-the relatively low damping Pr0d-,_c.ed by solid wall com-

partmentation, an experimental t'est program was conducted using various

perforated materials as the dividing wall partitions. Tests were • Conducted

with perforated hole sizes varx-ing from 0.0Z0 in. to 0.079 in. andof

various percent of open area, ranging from 8 to 30a_0. Test r.esults obtained
s

indicated a .]#rge nonlir:ear effect on liquid resonant frequency and damph_g

ratio, The l'_quid viscosity and excitation amplitude have as large an effect

on the liq_aid resonant frequencies and damping ratios as do the perforated

: hole size and percent of open area.

In general, the results obtained indicate that perforated partitions
-)

with less_than I0%. open area will increase the damping ratio to approxi-

mateiy 0. I, while maintaining a liquid resonant frequency corresponding

to a solid Wall compartmented tank. For partitions with open areas

greater than I0%, the damping produced is greater than 0. I0, but the
.)

I
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corresponding liquid resonant frequencies approach that of an uncompart-

_- mented cylindrical tank.

Attempts to present the damping ratios vs Reynolds number, or
"2

-%

other various parameters which include the factors affecting the darnpiug,.

failed to yield an effective picture of this c0mplex data. The best that

could be done is som-ething such as that shown in-Fi-gure 9 which is a three-

dimensional plot of the damping ratio vs the dimensionless resonant fre-
L :2

quency parameter, _Zd/a, and the percentage of open.sector area.for a " .:

4_ _ sectored tan k . The-results presented .are for three values of excitation
J

amplitude, xo/d, with water and methylen_e chloride as the test liquid.

From these results, it can be seen that the maximum damping is produced

for sectors with open areas Of 16 to Z3_0. However,-the excitation ampli.-

rude must be quite large to maintainthe resonant frequency corresponding

to solid ser'torwMls. Additional. tests with sectors of smaller hole ratios

.J

(dh/d ; 0.00139 _/nd G.00Z78)_ and open areas up to Z3_0 increased the"

damping ratios to an average value of 0.15 while maintaining a frequency

.correspondln_ to the solid wall sector tank. Above'_Z3% open area, the

• results become inconsistent in frequency and damping ratio.

Test results for the 60 ° sector tank with perforation hole ratios =

_. 0.0056 are presented in-Figure 10. From these results, it can be seen- J

that increased damping ratios at frequencies corresponding to the solid

-sector wall exist only for perforated Sectors of 8 to 16_/0open area,
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depending on the excitation amplitude. Additional tests with smaller per-

foration ratios (dh/d = 0.00139 and 0.00278) yielded mean damping ratios

of approximately 0. 1Z at 16 to Z3% open sector area, depending on excita-

tion amplitude. The lower percent open area corresponds to the lower

excitation amplitudes. Figure 11 presents similar data for the 90 ° sector

tanks. It can be seen that sectors with perforation ratios dh/d = 0,0056

lose their compartmentation effect at small excitation amplitudes; however,

tests with sector walls having perforation ratios of dh/d = 0,00139 and

0 00Z78 and up to 30% open area produced mean damping ratios of 0. 1Z at

frequencies corresponding to the solid sector wall for translational excita-

tion amplitudes of xo/d = 0.00417 and 0.00833. Tests at excitation ampli-

tudes xo/d < 0,00417 correspondedto results similar to the solid sector

for perforated walls with a hole ratio dh/d = 0°00139. The results for the

perforated sector wall with a hole ratio dh/d = 0.00Z79 were inconclusive

and no consistent damping ratios or resonant frequencies were obtained.
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CONCLUSIONS

Compartmenting of cylindrical tanks with solid walls as a means of

increasing the lowest resonant frequency above that of uncompartmented

cylindrical tanks can be realized. The experimental resonant frequencies

appear to agree closely with the theoretical values only at _mall values of

translational excitation amplitudes; for large values of translational excita-

tion amplitude, a significantdecrease in resonant frequency exists. The

liquid damping ratio with these solid wall sector tanks averaged approxi-

mately 0,04.

C_mpartmenting of cylindrical tanks with perforated walis retains

the compartmented resonant frequency response better for the larger

translational excitation amplitudes. The tank with 45 ° sectored walls

maintains the compartmented resor/ant frequency through a larger range

of perforation hole sizes and percent of open areas. However, for lower

amplitudes the resonant frequency decreased to a value which approximated

the resonant frequenzy of an uncompartmented cylindrical tank for the

three sectored configurations. At the compartmented resonant frequencies;

the liquid damping ratios were about 0.08 to 0.1. When the resonant

frequencies approximated those attained in the uncornpartmented tank, the

liquid damping ratios increased to a range of 0.08 to 0.2-.
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45 ° AND 60 ° SECTOR TANKS THEORETICAL
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FIGURE 3. EFFECT OF PERFORATION HOLE SIZE
AND PERCENT-OPEN AREA ON .THE
LIQUID RESONANT FREQUENCY FOR
A 45 ° SECTOR TANK
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FIGURE 4. EFFECT OF PERFORATION HOLE SIZE
AND PERCENT OPEN AREA ON THE
LIQUID RESONANT FREQUENCY FOR
A 60 ° SECTOR TANK

1964007760-021



15

i

FIGURE 5. EFFECT OF PERFORATION HOLE SIZE
AND PERCENT OPEN AREA ON THE
LIQUID RESONANT FREQUENCY FOR
A 90 ° SECTOR TANK
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90 ° SECTOR TANK
PERFORATION HOLE DIA. dh/d = 0.0056

SYMBOL Xo/d
I_%._'_._ 0.0018 7

0.00417

.__ 0.00833

FIGURE I1. VARIATION IN DAMPING RATIO FOR
90 ° SECTOR TANK
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